INTRODUCTION
With the increase in international travel, pathogen transmission across countries has increased and has resulted in several pandemics, especially of viral diseases. In 2012, the outbreak of a newly identified coronavirus, Middle East respiratory syndrome coronavirus (MERS-CoV) was reported in Saudi Arabia (de groot et al., 2013) . As of December 2015, the World Health Organization (WHO) was notified of 1625 laboratory-confirmed MERS-CoV infections from 26 countries, with at least 586 deaths (WHO, 2016) . In March 2014, an Ebola virus disease outbreak was reported in West Africa. By December 2015, 28, 637 cases of Ebola infection were reported, including 11, 315 deaths (WHO, 2015) , with mortality rates of up to 40%. Such pandemics cause significant mortality and economic losses; thus, it is critical to prevent the spread of emerging viruses.
Vaccination is most effective in preventing viral infection; however, vaccine development against emerging viruses faces several challenges. Some emerging viruses cause high infectivity and mortality; therefore, a maximum (level 4) biosafety lab is needed, and live attenuated strains or inactivated vaccines are not adequately safe (Garcia-sastre and Mena, 2013) . Second, in an outbreak of infections by an emerging virus, every second matters; therefore, a rapid development of engineered vaccines is required for pandemic control. Third, some vaccines, such as influenza virus vaccines, are not effective against all strains. Because of mutations, antigenic drift, and antigenic shift, influenza virus strains differ with influenza seasons and pandemics. Furthermore, because a virus cannot reproduce autonomously in vitro, vaccines against viruses are produced by propagating viruses in large quantities in living cells of susceptible organisms. For example, traditional influenza vaccines are manufactured using embryonated chicken eggs for virus propagation. However, some viruses still cannot be cultured in cells or organs, outside of the natural host(s).
Virus-like particles (VLPs) are generated from viral proteins that self-assemble into structures resembling native virions and can have some antigenicity of the native virus, but are non-infectious due to their lack of viral genetic material. VLPs have been studied as vaccines for decades, and the first VLP-based vaccine approved by the US FDA was the HBV vaccine (HEPTAVAX-B; Merck; 1981) (Zhao et al., 2013) . More recently, 2 VLP-based HPV vaccines, Gardasil1 (Merck and Co. Inc.) and Cervarix1 (GlaxoSmithKline), were approved by the US FDA. These vaccines are produced in yeast and insect cells, respectively (Rodriguez-limas et al., 2013) . With advances in biotechnology, the development of VLP vaccines has progressed greatly. VLPs offer several advantages as vaccines against emerging viruses. First, safety consideration in developing these vaccines is not necessary, as VLPs are not live viruses; thus, the manufacturing process offers a safer environment for the operators. Second, VLPs can display major antigens and elicit strong humoral and cellular immune responses. The potency of VLPs in stimulating immune responses can be significantly enhanced relative to inactivated viral particles, as viruses have evolved different ways to evade the host immune system. Some structural and non-structural proteins inhibit immune responses, especially cellular immune responses (Frazer et al., 1999; Pukhalsky et al., 2003; Sarobe et al., 2003) , but VLPs can be deficient in proteins or domains that inhibit immune responses. Compare to the individual proteins or peptides, VLPs have better immunogenicity, as the peptides conformation of VLPs is more similar to the virus than in inactivated viruses. Due to highly repetitive epitopes on the surface, VLPs are able to induce strong B cells responses (Roldão et al., 2010) . VLPs can also be internalized by antigen presenting cells that active CD4 + and CD8 + T cells to elicit and sustain specific cytotoxic T lymphocyte (CTL) responses (Wagner et al., 1994; Chackerian et al., 2002; Cox et al., 2014) , and CD4 + T cells play an important role in sustaining virusspecific CD8 + CTLs during virus infection (Matloubian et al., 1994) .
Several platforms for producing VLPs exist, such as bacteria (Escherichia coli), yeast, insect cells, mammalian cells, plant expression systems, and in vitro cell-free systems. The bacterial expression system was the first system used to produce VLPs, and several commercial VLP vaccines have been produced using this system, such as one against hepatitis E virus (HEV) VLPs (Hecolin1, Xiamen Innovax Biotech Co. Ltd.). The E. coli expression system is the most economical and easy-to-use system. However, this system lacks a post-translational modification system and can only be used to produce simple VLPs, such as non-enveloped VLPs, which are based on the ability of viral protein components to self-assemble in the bacterial host during expression. Yeast systems are commonly used in VLP vaccine production, for example with the HBV vaccine Engerix-B ® (GlaxoSmithKline) and the HPV vaccine Gardasil ® (Merck & Co., Inc). Yeast systems offer high expression and easy scale-up and, unlike the E. coli system, provide post-translational modification of the expressed proteins. However, neither the E. coli nor the yeast system can express enveloped VLPs. The baculovirus-insect cell and mammalian-cell systems show more complete post-translational modification including glycosylation and are better systems for expressing complex VLPs (Rodriguez-limas et al., 2013) . Successful VLP vaccines produced using these systems include the HPV vaccine Cervix ® (GlaxoSmithKline) and the HBV vaccine GenHevac B ® (Pasteur-Mérieux Aventis). These systems are more expensive than E. coli and yeast, and downstream processing is more difficult. In the plant expression system, protein assembly and post-translational modifications are similar to those occurring in mammalian cells. As production system, it is cost-effective and highly scalable.
Most emerging human pathogens are single-stranded RNA viruses. Here, we summarize several VLP vaccines against emerging viruses, including negative-strand RNA viruses belonging to 5 families (Arenaviridae, Bunyaviridae, Filoviridae, Orthomyxoviridae and Paramyxoviridae) and positive-strand RNA viruses from 4 families (Caliciviridae, Coronaviridae, Flaviviridae, and Togaviridae) . Some viruses from these families are human pathogens with high virulence and lethality, and vaccines against these viruses are urgently needed for pandemic control.
NEGATIVE-STRAND RNA VIRUSES
Arenaviridae family Arenaviruses are pathogens of rodents-transmitted diseases, some of which cause severe cases and are responsible for hemorrhagic fever (Oldstone, 2002) . Lassa fever is an acute viral illness that has been reported in West Africa and is caused by Lassa fever virus (LASV), which is a member of the Arenaviridae family. The genome of LASV consists of 2 RNA segments (S and L). The S segment encodes the viral nucleocapsid protein (NP) and 2 glycoproteins (GP1 and GP2), whereas the L segment encodes the viral polymerase (L) and RING-finger matrix protein (Z). GP1 and GP2 are generated from post-translational cleavage of a precursor glycoprotein (GPC). GP1 serves as receptor-binding protein, while GP2 is a transmembrane protein (Oldstone, 2002) . The Z protein is considered the main driving force of virus release. The Z protein is sufficient for the release of viral particles, and it is strongly membrane-associated. Previous findings show that expression of the Z protein alone is sufficient for the release of lipid-enveloped VLPs (Strecker et al., 2003) .
LASV VLPs have been generated using a mammalian cell expression system by expressing the major immunological determinants: glycoproteins (GP1 and GP2), NP, and Z. The viral proteins can be packaged into particles similar to the native virion. LASV VLP-immunized mice mounted a substantially high IgG re-sponse to individual viral proteins, and the serum from LASV-infected patients reacted to the VLPs (Branco et al., 2010) .
Bunyaviridae family
The Bunyaviridae family contains 5 genera, namely Orthobunyavirus, Phlebovirus, Nairovirus, Hantavirus, and Tospovirus. Tospoviruses are plant-infecting viruses, while viruses of the other 4 genera infect animals. Most viruses in this family are transmitted and carried by arthropods, while hantaviruses are rodent-borne. The genome of Bunyaviridae contains 3 negative-sense RNA segments: the large segment (L), middle segment (M), and small segment (S). Bunyaviridae virions are 80-120 nm in diameter and mostly spherical. Glycoprotein spikes are displayed on the surface, which mostly consist of 2 heterodimeric GPs, which are embedded into the viral envelop. The GPs (Gn and Gc) interact to form surface morphologic units. The virions mature and bud from the Golgi complexes of infected cells . Some VLP vaccines have been developed for members of the Bunyaviridae family. Hantavirus-like particles can be obtained by co-expressing Gn, Gc, and NP in CHO cells. The viral proteins self-assemble into VLPs, and animal experiments showed that the Hantavirus VLPs elicit comparable antibody responses to inactivated vaccines and enhance the activity of CD8 + T cells . However, not all 3 proteins are necessary for VLP formation. Rodrigo Acuna et al. showed that Gn and Gc co-expressed Gn and Gc in mammalian cells assemble into VLPs, suggesting that the NP protein is not necessary for VLP assembly (Acuna et al., 2014) . VLPs with other members of the Bunyaviridae family can also form after Gn and Gc co-expression (Overby et al., 2006; Mandell et al., 2010) .
Two other human pathogens, Crimean-Congo hemorrhagic fever virus (CCHFV) and severe fever with thrombocytopenia-syndrome virus (SFTSV), are serious health threats with no available vaccine or specific therapeutic method. Zhou et al. reported that expression of the NP of CCHFV using a baculovirus expression system yields VLPs (Zhou et al., 2011) . However, the immunogenicity and protective efficacy of such VLPs have not been reported. Although no CCHFV and SFTSV VLP vaccines have been reported, studies of viruses from the same family indicate that the expression of these 2 viral proteins can yield VLPs. This new strategy could be used to develop vaccines against CCHFV and SFTSV.
Filoviridae family Filoviruses are enveloped, non-segmented, negative-strand RNA viruses. This family has 2 genera, Ebolavirus and Marburgvirus. Filoviruses are notable for their high mortalities in humans, and no effective vaccines or treatments are available. The matrix protein VP40 is the major structural protein, and previous data show that VP40 contains the necessary information for the assembly and budding of filovirus VLPs, although solely expressing VP40 results in poor VLP production (Warfield and aman, 2011) .
Ebola viruses contain 5 species, Bundibugyo ebolavirus (BDBV), Zaire ebolavirus (EBOV), Reston ebolavirus (RESTV), Sudan ebolavirus (SUDV), and Taï Forest ebolavirus (TAFV) (Singh et al., 2015) . BDBV, EBOV, and RESTV have caused pandemics in Africa. RESTV infection has been found in Asia, but no pathogenic or lethal cases have been reported. EBOV was the etiological agent of the 2014 Ebola outbreak in West Africa (Baize et al., 2014) . The EBOV VLP vaccine has been studied for several years. Warfield et al. co-transfected Ebola VP40 and glycoprotein (GP) into 293T cells, and the viral proteins self-assembled into particles with morphologies similar to that of the wild-type virus. The EBOV VLPs were highly immunogenic in vitro and in vivo. EBOV VLPs efficiently induced the maturation, activation, and secretion of cytokines and chemokines. EBOV VLP-vaccinated mice exhibited B cell activation and produced high levels of EBOV-specific antibodies. The VLPs also activated CD4 + and CD8 + T cells. The EBOV VLPs could also protect the mice from lethal challenge (Warfield et al., 2003) . EBOV VLPs were also produced in insect cells by expressing VP40 and GP in a baculovirus expression system, and the resulting VLPs also effectively protected the mice from lethal EBOV challenge (Warfield et al., 2007) . EBOV VLP production in insect cells had a high yield, and the VLPs showed potential to for development into an effective EBOV vaccine.
The Marburgvirus genus has only 1 species, Lake Victoria Marburg virus. A single protein, VP40, can generate VLPs of the virus, but the efficiency of VLP generation is lower than that following co-expression with other proteins, especially GP, NP, and VP24, which can significantly promote the formation and budding of the virions (Warfield and aman, 2011) . Previous data showed that co-expression of VP40 and GP (with or without NP) in mammalian and insect cells yielded similar particles with morphologies similar to that of the native virion (Swenson et al., 2004; Warfield et al., 2007) . Guinea pigs vaccinated with Marburg VLPs produced in mammalian cells elicited abundant MARV-specific antibodies and neutralizing antibodies. MARV VLPs stimulated dendritic cell differentiation, promoted T-cell proliferation, and completely protected guinea pigs from MARV infection (Warfield and aman, 2011) . The VLPs not only protected rodents from virus infection, but also protected non-human primates (NHPs). The level of MARV-specific antibodies in VLP-vaccinated monkeys increased quickly after the first vaccination, and peaked after the third vaccination (Warfield and aman, 2011) .
Orthomyxoviridae family High pathogenic avian influenza (HPAI) is a highly contagious and highly lethal infectious disease that circulates in birds and poultries. HPAI is mainly caused by H5 or H7 influenza A virus (Swayne and Suarez, 2000) . Influenza A virus belongs to the Orthomyxoviridae family. Viruses of the Orthomyxoviridae family have negative-sense, singlestranded, and segmented RNA genomes. There are 6 genera in this family, including influenza A, B, C; Thogotovirus; Isavirus, and a new genus Quar-anilvirus (L'vov et al., 2014) . Influenza virus is enveloped with a lipid membrane derived from the host membrane. Hemagglutinin (HA) and neuraminidase (NA) are the major surface glycoproteins in the viral membrane and represent the main epitopes. The matrix gene encodes two proteins, the M1 protein, which is involved in viral budding, and the M2 protein, which is a transmembrane, homotetrameric proton ion channel involved in virus uncoating following entry. The M2 protein has been the target of universal vaccine design, as the external region is highly conserved in human influenza viruses.
The traditional influenza vaccine is an egg-based inactive vaccine, but this strategy has limited applications as the HPAI virus is lethal to chick embryos. A VLP-based vaccine is a novel approach for treating HPAI. Many studies have been conducted on the development of influenza VLP vaccines (Kang et al., 2009) , although no vaccine is currently available. Influenza VLPs were constructed by co-expressing HA or/and NA with the M1 and M2 proteins (Buonaguro et al., 2011) . HPAI VLPs have been generated in insect cells (Bright et al., 2008) , mammalian cells (Schmeisser et al., 2012) , and plants ). An H5 VLP produced in plants, which can protect ferrets from lethal challenge, has been described. Data from a Phase I clinical study showed that the plant-produced H5 vaccine was safe. After 2 vaccinations, 100% of ferrets had detectable HI antibodies. The H5 VLP vaccine also induced detectable cross-reactive HI antibodies in ferrets. The clinical study provided evidence that the VLP was well tolerated in humans, and HI titers rose to ≥ 40 in 16.7%, 25%, and 50% of the subjects after the second dose in the 5, 10, and 20 mg groups, respectively. No HI antibodies were detected in the sera from subjects of the placebo group . H5 VLPs containing HA, NA, and M1 expressed in insect cells by the baculovirus expression system could also protect mice from lethal challenge and offered cross protection against a heterogeneous H5N1 virus (Bright et al., 2008) . Several companies, including Novavax (MD, USA), have developed an H5N1 VLP vaccine produced by insect cells, which are under Phase I clinical study.
Paramyxoviridae family
Nipah virus (NiV) and Hendra virus (HeV) belong to the Paramyxoviridae family. They are enveloped RNA viruses consisting of a membrane derived from host cells, a matrix protein (M), and 2 glycoproteins (F and G) embedded in the membrane. The paramyxovirus matrix protein localizes to the cellular membrane after expression in an infected cell and then recruits the glycoproteins to the membrane. The glycoproteins then assemble and bud from the membrane. The matrix protein was reported as the main driving force for particle budding and scission (Harrison et al., 2010) .
Paramyxovirus VLPs can assemble following co-expression of viral matrix protein and glycoproteins. NiV VLPs can be produced in 293T cell lines by co-transfection of plasmids encoding the NiV G, F, and M proteins (Walpita et al., 2011) . Newcastle disease virus (NDV) has been used as a vector to express NiV proteins in BHK-21 cells. Animal tests showed that NiP VLP-vaccinated mice produced abundant NiV-specific antibodies and mounted a strong, active CD8 + T cell reaction. Neutralizing antibodies were also detected in NiP VLP-vaccinated pigs, but CD8 + T cells were not detected (Kong et al., 2012) . VLPs of other Paramyxoviridae viruses, such as respiratory syncytial virus (RSV), have been constructed, and pre-clinical study results are promising (Mcginnes et al., 2011) . No studies have been reported for Hendra viruslike particles, but as a paramyxovirus, we speculate that HeV VLP can be similarly produced.
POSITIVE-STRAND RNA VIRUSES
Caliciviridae family Norovirus (NoV), the most common causative agent of non-bacterial gastroenteritis in humans, is a member of the Norovirus genus of the Caliciviridae family (Patel et al., 2009) . NoV affects people of all ages and is responsible for more than 95% of epidemic viral gastroenteritis in adults. NoV has a single-stranded, positive-sense RNA genome that encodes a major structural protein (VP1) and a minor capsid protein (VP2). The viral particles demonstrate an amorphous surface structure between 27 and 28 nm in size. The Norovirus genus is divided into 6 genogroups (GI-GVI), which are further divided into different genotypes based on greater than 15% pairwise differences in the amino acid sequence of the VP1 capsid proteins (Ramani et al., 2014) . Viruses in geno-groups Ⅰ, Ⅱ, and Ⅳ are known to infect humans, and NoVs of genogroup Ⅱ and genotype Ⅳ (GⅡ.4) are currently circulating widely (Herbst-kralovetz et al., 2010) .
The lack of an in vitro cultivation method limits the development of traditional vaccines (Moore et al., 2015) , which makes VLPs very attractive candidates for vaccines. The results of several studies have demonstrated the immunogenicity and safety of NoV VLPs delivered by oral and intranasal routes. Expression of recombinant NoV capsid proteins in insects, plants (Scotti and Rybicki, 2013) , and mammalian cells (Harrington et al., 2002) has yielded VLPs that are morphologically and antigenically similar to the native virion. Preclinical mouse data showed that VLPs can induce humoral and mucosal immunity when delivered through oral, intranasal, or parenteral routes. In a Phase I clinical study, Ball et al. assessed the safety and immunogenicity of VLPs delivered orally (Ball et al., 1996) . In a subsequent study, the efficacy of intranasally administered VLPs was evaluated. A drypowder formulation of baculovirus-derived VLPs adjuvanted with monophosphoryl lipid A and the mucoadherent chitosan was tested. It was well tolerated with no severe adverse effects and showed a dose-dependent increase in serum antibody titers (El-kamary et al., 2010) . Data from studies on bivalent and multivalent VLP candidate vaccines in adult volunteers showed that multivalent VLP vaccines induced a broad antibody response to multiple epitopes of vaccine and non-vaccine NoV strains (Lindesmith et al., 2015) . VLPs have also been developed as promising candidate vaccines against NoV infection and have shown efficacy in a proof-of-concept human experimental infection model (Atmar et al., 2011) .
Coronaviridae family
Coronaviruses are enveloped RNA viruses, that cause acute or persistent infectious in humans and other animals. Human severe acute respiratory syndrome coronavirus (SARS-CoV) and MERS-CoV are 2 major human coronaviruses cause severe human illness. SARS-CoV was identified in an outbreak occurring in 2003, in China. Recently, MERS emerged as an infectious disease, first reported in Saudi Arabia in 2012 and causing a subsequent outbreak in South Korea. The illness is caused by MERS-CoV, which is a member of the Betacoronavirus genus of the Coronaviridae family. Virions of the coronavirus are roughly spherical, the average diameters of which range from 50 to 200 nm. CoV particles comprise 4 structural proteins: the spike protein (S), envelope protein (E), membrane protein (M), and nucleocapsid protein (N).
Experiments on SARS VLPs showed that expression of SARS-CoV viral proteins M and E in baculovirus leads to the formation of a smooth particle without spikes, whereas co-expression of M, E, and S yields SARS VLPs (Mortola and Roy, 2004) . Lu et al. found that mucosal or systemic immunization with SARS VLPs produced using the baculovirus expression system resulted in a strong IgG and secreted IgA response. SARS VLPs can also activate DCs and elicit cellular immune responses (Bai et al., 2008; Lu et al., 2010) .
Flaviviridae family
Flaviviridae viruses are single-stranded, positive-sense RNA viruses. The virions are spherical, 40-60 nm in diameter, with a lipid envelope derived from the host cell membrane. The viral genome encodes 3 structural proteins: core protein (C), envelope protein (E), and membrane glycoprotein (M). Protein E is a glycoprotein that functions as a fusion protein, and it is the major target of neutralizing antibodies (Schweitzer et al., 2009 ). Protein M is translated in an immature form, PrM, and following cleavage by a cellular enzyme (furin), develops into the M protein in the mature virion.
Tick-borne encephalitis (TBE) is a serious viral disease caused by 2 viruses from the Flaviviridae family: central European encephalitis (CEE) virus and Russian springsummer encephalitis (RSSE) virus. An inactivated TBEvirus vaccine is currently available. A TBE-VLP vaccine is not available, but VLPs for many other flaviviruses, such as Dengue fever virus (DENV) (Zhang et al., 2011) and Japanese encephalitis virus (JEV) (Yamaji et al., 2013) exist. PrM and protein E mediate the assembly and budding of flaviviruses. A previous study has provided evidence that PrM and E self-assemble into morphologically similar particles and that protein E (without PrM) forms VLPs (Du et al., 2015) .
DENV, the etiological agent of dengue has 4 sero-types (DENV 1-4). DENV VLPs have been studied in several systems (mammalian cells, Pichia pastoris, insect cells, and E. coli) by expressing the viral proteins, PrM and E Mani et al., 2013) . These studies showed evidence that DENV VLPs stimulate immunized mice to produce abundant neutralizing antibodies and elicit a strong T cell response (Zhang et al., 2011) . Mani et al. reported that DENV E protein alone can form VLPs, and the resulting VLPs had good immunogenicity, eliciting a strong specific antibody response (Mani et al., 2013) . DENV VLPs are also good antigens for antibody detection in patient sera (Holmes et al., 2005) .
Togaviridae family
Chikungunya fever virus (CHIKV) is an arthropod-borne virus that is transmitted to humans by mosquitoes. It causes a severe disease whose common symptoms are fever and joint pain (Staples et al., 2009) . CHIKV is a member of the Alphavirus genus of the Togaviridae family. The virus particle consists of an icosahedral nucleocapsid and an envelope derived from the host cell membrane. The nucleocapsid is composed of 240 copies of coat protein (C) and is 60-70 nm in diameter. The envelope contains heterodimers composed of the E1 and E2 glycoproteins. CHIKV VLPs can be produced by transfecting the viral protein genes (C-E or E) into HEK293 cells. The vaccine potential of the VLPs derived from transfected HEK293 cells has been demonstrated in rodents and NHPs. Immunological experiments showed that this kind of VLP elicited specific antibody and neutralizing antibody responses in immunized animals. This VLP has been approved for Phase I clinical trials (Akahata et al., 2010) . Attempts to produce CHIKV VLPs using a baculovirus expression system have been reported. Specific and neutralizing antibody responses elicited by CHIKV VLPs produced using the baculovirus expression system equaled those of VLPs produced in a mammalian cell system and could completely protect guinea pigs from lethal challenge (Metz et al., 2013) .
CONCLUSION
Infectious diseases are always big threats to human health. With advances in biology and medical science, efforts to understand these pathogens and prevent infections need to increase. VLPs represent a new approach for developing vaccines against viruses, although only a few have reached the market and no VLP-based vaccine against emerging viruses is currently available. The first reason for this is the lack of knowledge regarding these new emerging viruses. Secondly, a good animal model is not available for infections by these viruses to test vaccines, including common vaccines and VLPs. Third, the purification technology of VLPs is a main limitation for their being licensed as vaccines. Because VLPs are expressed using different expression systems, VLPs are often contaminated with residual host cell components such as lipids, nucleic acids, and proteins which may stimulate immune responses, resulting in a major safety concern. More efficient technologies should be explored, which may contribute to VLP production and purification, and promote the use of VLPs as novel vaccines for controlling emerging viruses.
The successes of the HBV and HPV VLP vaccines have encouraged exploration of the possibilities of developing VLP vaccines against various viruses. To date, >100 VLPs, representing different virus families, having been developed (Zeltins, 2013) . In Table 1 , we have summarized VLPs from 10 different virus families and construction of the representative VLPs. Since 2006, only the HPV VLP vaccine has been approved for sale. No VLP vaccines have been licensed thereafter, although many have been tested on animals. Researchers have great expectations for several VLP vaccines based on the positive results of clinic trials, such as with a seasonal influenza VLP (Khurana et al., 2011; López-Macías et al., 2011 ) and a Norwalk VLP vaccine (Herbst-Kralovetz et al., 2010) . Hopefully, more VLP vaccines may be approved in the near future. 
